The main objective of this study was to replace the traditionally used hydrolytically unstable PF 6 and BF 4 ionic solvents with new, stable ionic liquids (ILs) and to investigate the potential of ILs in formulation of the polymers based on methyl methacrylate and acrylonitrile with narrow polydispersities, high yields and molecular weights. Various ILs with four anions, namely, tris(pentafluoroethyl)trifluorophosphate, trifluoromethanesulfonate, trifluoroacetate and tetracyanoborate, were tested. The influence of the IL's characteristics on the free radical polymerization process was found to be significant. Trifluoromethanesulfonate-and trifluoroacetate-based ionic solvents provide the formation of polymers with the highest molecular weight (M r E8.8Â10 5 for polyacrylonitrile (PAN) and M w E18.9Â10 5 for polymethylmethacrylate (PMMA)) in quantitative yield (PAN, 96%; PMMA, 92%). Taking into account, the high ionic conductivity and satisfactory electrochemical stability of the tetracyanoborate-based ILs, composite films derived from PAN and B(CN) 4 ILs were prepared and their physico-chemical properties were investigated. The nature of the cation strongly influences the properties of the resulting composite films, namely, their flexibility, transparency, surface morphology and ionic conductivity (the maximum conductivity was found to be 1.0Â10 À2 S cm À1 at 25 1C).
INTRODUCTION
In the recent years, the synthesis of polymers in ionic liquids (ILs) has attracted considerable attention. [1] [2] [3] [4] [5] [6] [7] [8] The increasing interest in ILs as reaction media 9 and electrolytes [10] [11] [12] is due to their unique properties (for example, nonvolatility, nonflammability, high ionic conductivity and good thermal and electrochemical stability) and to the peculiarities of the chemical reactions performed in ILs. 1, 9, 13 In comparison with common organic solvents, ILs have high polarities and viscosities, 9 and thus they accelerate the free radical polymerization of unsaturated monomers and support the formation of polymers with ultra-high molecular weights. [3] [4] [5] [6] [14] [15] [16] [17] The influence of ILs on the kinetics of polymerization processes is related to the decrease in the activation energy 5, 18, 19 and the respective increase in the propagation rate. 4, 5, [18] [19] [20] [21] [22] At the same time, the rate of termination decreases, 4, 5, 20, 22, 23 sometimes even by an order of magnitude, with the increase of IL concentration. 18 The increase in the propagation rate is generally attributed to the increased polarity of the ionic medium in comparison with that of the organic solvents that are traditionally used, whereas the decrease in the termination rate is assumed to be due to the increased viscosity of ILs. [3] [4] [5] [6] 18, 20, 24, 25 Andrzejewska et al. 21 detected the phenomenon of viscosity synergism in dimethacrylate monomer/IL mixtures (that is, the viscosity of the mixture is higher than the simple additive combination of the viscosities of the two components); this phenomenon can have an important role in the kinetics of the reaction because the possibility of the gel effect is higher in the IL solution than in the bulk monomer. Schmidt-Naake et al. 5 partly explained the reduction of the activation energy of propagation by the specific interaction of ethyl acrylate with ILs and the formation of H-bonds between both the monomer molecules and growing radical chains and the cations and anions of the ILs. Irvine et al. 6 proposed that a 'protected' radical mechanism occurs during polymerization in ILs; that is, some stabilization of radical moieties in ionic solvents could take place. By investigating poly(ethylene glycol)dimethacrylates (PEGDMs) photopolymerization kinetics, Chesnokov and Shaplov 26, 27 found that the nature of ILs greatly influences both the reduced photopolymerization rate and the oligomer conversion. This influence is rather complicated and none of the commonly known properties of ILs, including the polarity, viscosity and volume of the anion, are able to solely describe or explain the established correlations. A satisfactory explanation can be given only by the acceptance of the assumption of presence of stable intermolecular structures with 'kinetically unfavorable' molecular arrangements in liquid monomers. The influence of IL addition on the PEGDM(n) photopolymerization kinetics consists of changing the supramolecular structures of both the monomer and the IL. 26, 27 The destruction of the monomer associates led mainly to the dramatic acceleration of the corresponding monomer polymerization. In contrast, the preservation of the supramolecular structure of the IL inside the monomer medium resulted either in the reinforcement of its 'kinetically unfavorable' association and, as a consequence, in the suppression of its polymerization or in the reinforcement of its 'kinetically favorable' association and a slight acceleration of the reaction. 26, 27 The major advantages of using of ILs in free radical polymerization are (a) their ability to dissolve a wide range of organic and ionic compounds, including monomers and polymers; (b) the acceleration of the polymerization reaction; (c) the safety of the process, in particular because of the nonflammability and nonvolatility of ILs and (d) the possibility of solvent recycling. These intriguing features have stimulated interest in the application of ILs as reaction media in other types of radical polymerization, including the reversible addition-fragmentation chain transfer [28] [29] [30] [31] process, polymerization with atom (atom transfer radical polymerization), [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] group 45 or charge 46 transfer, nitroxide-mediated polymerization 47 and some others. [48] [49] [50] The majority of published reports 14, 15, 19, 23, 29, 30, 32, 34, 37, 39, 51 devoted to polymerization in ILs as reaction media only deals with the investigation of commonly known ILs with fluorinated anions such as tetrafluoroborate, hexafluorophosphate and bis(trifluoromethylsulfonyl)imide ILs. Indeed, such ILs have proven to be very promising reaction media for radical polymerization; they readily dissolve unsaturated monomers and provide access to high molecular weight polymers in good yields. However, BF 4 and PF 6 anions are not very stable hydrolytically. 9, 52 At the temperature of the polymerization processes (460 1C), in the presence of traces of water, they can undergo hydrolysis and release unfavorable hydrofluoric acid (HF). In contrast, hydrolytically stable ILs with bis(trifluoromethylsulfonyl)imide anions are quite expensive, which reduces their practical application. For these reasons, in the presented work several new families of ILs with hydrolytically stable anions, such as tris(pentafluoroethyl)trifluorophosphate, 53 trifluoroacetate, trifluoromethanesulfonate and tetracyanoborate, 54 were investigated to replace the traditionally used PF 6 and BF 4 ionic solvents and to study their potential for polymer synthesis, in particular in the free radical polymerization of methyl methacrylate (MMA) and acrylonitrile (AN).
The nature of the cations in ILs may also influence the polymer formation in ionic media. 2, 3, 6, 15, 16, 26, 27, 37, 55 For example, the impact of the alkyl chain length and symmetry of the cation on the free radical polymerization of acrylic monomers in 1,3-dialkylimidazolium ILs has been studied and clearly demonstrated. 6, [14] [15] [16] 37 Thus, in parallel with stable anions, different cations, namely, imidazolium, pyridinium, pyrrolidinium, ammonium, phosphonium, guanidinium and iso-uronium, were studied as well.
The application of ILs as dopants to the polymer matrix (see for example refs 56-59) or as a comonomer in the synthesis of polymeric materials [60] [61] [62] [63] creates new attractive opportunities for the development of ion-conducting materials, which are interesting for various applications. Among the suggested ILs, those with the tetracyanoborate anion possess the highest ionic conductivity. 64 Therefore, in addition to the radical polymerization of AN, the application of these ILs in the formation of ion-conducting films was also investigated.
EXPERIMENTAL PROCEDURE Materials
MMA (Sigma-Aldrich Corp., St Louis, MO, USA, 99%) and AN (SigmaAldrich Corp., X99%) were distilled in a vacuum before use. 2,2¢-Azobisisobutyronitrile (Acros Organics, Thermo Fisher Scientific, Geel, Belgium, 98%) was purified via crystallization from methanol. ILs with purities of 98-99.5% were obtained from Merck KGaA Company (Darmstadt, Germany). All ILs were thoroughly dried for 2-4 h at 50-55 1C under a high vacuum (o1 Torr) with a special flask/trap filled with P 2 O 5 and introduced into the vacuum line before their utilization.
Polymerization of MMA and AN
Freshly dried IL was charged with the solution of respective monomer and initiator-2,2¢-azobisisobutyronitrile (0.1 wt% for AN; 0.5 wt% for MMA). The mass ratio between the monomer and the IL was 1:1. The ampoule with the reaction mixture was repeatedly frozen and evacuated and afterwards was sealed under a vacuum and placed into the thermostat. The polymerization was carried out for 6 h at 60 1C. The samples of polymethylmethacrylate (PMMA) were purified by precipitation from chloroform solution into methanol, whereas polyacrylonitrile (PAN) was purified by precipitation from DMF (dimethylformamide) into methanol. The polymers obtained were washed several times with methanol and dried in a vacuum (o1 Torr) at 70 1C for 48 h.
Film formation
Composite materials (0.3 g), produced by free radical polymerization as described above from AN and various tetracyanoborate ILs, were dissolved in 5 ml of DMF. Films were cast from the prepared solutions on a glass support with further slow solvent evaporation at 70 1C. To remove the traces of AN and DMF, the composite films were thoroughly dried in a vacuum (o1 Torr) at 70 1C for 48 h.
The second method of the film formation included the preparation of PAN in one of the ILs as described above and its consequent isolation by precipitation into methanol, filtration and complete drying in a vacuum (o1 Torr) at 70 1C for 48 h. The pure PAN (0.2 g) obtained was re-dissolved in 3 ml of DMF and the desired amount of selected IL was added (0.2 g for 50 wt% containing conductive film) to the solution. After thorough stirring, the transparent solution was poured onto the glass support and the solvent was slowly evaporated at 70 1C. The obtained composite films were dried in a vacuum (o1 Torr) at 70 1C for 48 h.
Measurements
The inherent viscosities (Z inh ) of the polymers were measured at 25.0 1C using solutions of 0.05 g of the polymer in 10 ml solvent (chloroform for PMMA and DMF for PAN samples) in an Ostwald capillary viscosimeter. The relative polymer molecular mass (M r ) of PAN was calculated according to formula 1:
where [Z] is the polymer intrinsic viscosity. For the solution of PAN in DMF, K¼2.33Â10 À4 and a¼0.75. 65 The relative molecular mass (molecular weight) is recommended for this equation rather than the molar mass (which has the dimension of mass divided by the amount of substance) because, in the latter case, the constant K assumes awkward and variable dimensions due to the fractional and variable nature of the exponent a. 65 The molecular weights (M n , M w ) and polydispersity indexes (M w /M n ) of the PMMA samples were determined at 40 1C on a LC-20AD gel permeation chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a Tosoh TSK-GEL G5000Hhr column and a refractive index detector. Tetrahydrofuran was used as an eluent with a flow rate of 0.6 ml min À1 . The calibration was performed on the basis of polystyrene standards (Fluka, Sigma-Aldrich Chemie GmbH, Munich, Germany).
The mechanical properties of the films, that is, d (tensile strength), e (elongation) and E (elastic modulus), were measured at 25 1C using a Polyani dynamometer (Polyani, Hungary).
The atomic force microscopy images were obtained using Scanning Tunneling Microscope Solver-P47 (ZAO 'NT-MDT' , Zelenograd, Russia) in the semi-contact topographical mode The NSG11 cantilever (ZAO 'NT-MDT' , Zelenograd, Russia) with a 2.5-10 N m À1 hardness (typically 5.5 N m À1 ) and with a resonance frequency equal to B193 kHz was used. The samples for atomic force microscopy investigations were prepared as films by the method described above.
Dielectric spectroscopy studies were run on a Novocontrol Broadband Dielectric Spectrometer equipped with an Alpha analyzer and a Quatro temperature controller (Novocontrol Technologies GmbH & Co. KG, Hundsangen, Germany). Polymer films were placed between the two gold-plated brass electrodes. The experiments were carried out isothermally at 25 1C by varying the frequency from 10 À1 to 10 7 Hz.
RESULTS AND DISCUSSION
Free radical polymerization in ILs Generally, ILs applications as reaction media in both organic and polymer synthesis have been intensively studied with the use of commonly known ionic solvents containing BF 4 and PF 6 , 1,2,9 likely because of the wide liquid range and good dilution ability of these ILs. However, Rogers et al. 52 established that hexafluorophosphate imidazolium ILs are especially subjected to hydrolysis even in the presence of water traces. The HF eliminated, in its turn, can participate in the acidic hydrolysis of some monomers, thus limiting the utilization of ILs. The first two families of ionic solvents, namely, tetracyanoborate and tris(pentafluoroethyl)trifluorophosphate (FAP) ILs, have been suggested as structural analogs to the salts containing BF 4 and PF 6 (Scheme 1). Trifluoroacetate and trifluoromethanesulfonate ILs were chosen because of their lower cost and simplicity of preparation in comparison with bis(trifluoromethylsulfonyl)imide ILs.
As mentioned above, the nature of the cation also has an important role in the polymerization processes in ILs. Thus, along with the newly proposed anions, a wide range of cations was chosen (Table 1) . However, it was not possible to synthesize all the ion combinations and thus, some ILs were not tested.
MMA and AN solubility tests were carried out before the polymerization runs. Almost all proposed ILs (Table 1) were capable of dissolving of MMA and AN in a 1:1 ratio, by weight, with the exception of some solvents containing B(CN) 4 . The appearance of small traces of water in tetracyanoborate ILs during their storage could prevent the dissolution of MMA in a 1:1 ratio by weight. However, when the ILs with B(CN) 4 (Table 1 , entries 4 and 10) were additionally dried, it became possible to dissolve MMA in the mentioned proportion.
MMA and AN polymerization was performed under optimal conditions, 56, 67 namely, the experiments were run at 60 1C for 6 h with an 2,2¢-azobisisobutyronitrile concentration equal to 0.1 wt% for AN and 0.5 wt% for MMA. Depending on the nature of the IL used, the obtained PMMA blocks, containing 50 wt% of ionic solvent, were either transparent (colorless or tinged) or cloudy (white or beige). The precipitation of PMMA occurred upon polymerization in all ILs containing trifluoroacetate and in trioctylmethylammonium trifluoromethanesulfonate salt with the formation of white or beige opaque samples. However, the purification of PMMA by re-precipitation always resulted in the formation of white powder. In contrast to PMMA, the precipitation of PAN during polymerization was observed in all ILs tested. Interestingly, the isolated PAN, irrespective of its color (from white to light brown) or of the IL used for its synthesis, was completely soluble in DMF. In comparison to polymerization in ILs, the bulk polymerization of AN, initiated by 2,2¢-azobisisobutyronitrile, ordinarily leads to the formation of a crosslinked polymer that is insoluble in DMF.
As a simple measurement to compare the molecular weights of the PMMA samples, the inherent viscosities of the polymer solutions in chloroform at 25.0 1C were determined. 65 As shown in Table 1 , entries 1-3, 6-9 and 11, the highest PMMA molecular weights were generally achieved in ILs bearing the trifluoromethanesulfonate anion, which is in a good agreement with the data obtained previously for other salts containing CF 3 SO 3 . 14 The influence of the anions on the molecular weight of PMMA is clearly demonstrated with comparison of ionic solvents with similar cations (Table 1, entries 1, 3, 6, 7 and 11) . Thus, the anions investigated can be placed in the following order: CF 3 SO 3 4CF 3 COO4PF 3 (C 2 F 5 ) 3 cB(CN) 4 , where tetracyanoborate anion allows for the synthesis of PMMA with the lowest molecular weight. The impact of the length of the side alkyl chain in imidazolium-based trifluoromethanesulfonate ILs was significant (Table 1 , entries 1-3). The increase in the number of carbon atoms from C 2 to C 4 caused the viscosity of PMMA to decrease from 510 to 440 ml g À1 (Table 1 , entries 1 and 2). The substitution of the methyl group for the ethyl group in the 1-butyl-3-alkyl imidazolium trifluoromethanesulfonate IL led to a further decrease in PMMA viscosity up to 380 ml g À1 (Table 1 , entries 2 and 3). In contrast to ILs bearing CF 3 SO 3 , the change of the alkyl side chain length in FAP-based ionic solvents did not significantly affect the molecular weight of PMMA (Table 1 , entries 1, 2 and 5). The ILs containing trifluoroacetate did not follow the established dependence, which can be explained by the precipitation of PMMA during polymerization. Noticeably, the cations of the trifluoromethanesulfonate ILs can be arranged as follows (Scheme 2) according to their influence on the molecular weight of PMMA.
This order partly coincides with the data published by Strehmel et al., 15 where it was shown that the free radical polymerization of n-butyl methacrylate proceeded with higher M w in imidazolium ILs compared with pyridinium ones. The order obtained was not relevant for tris(pentafluoroethyl)trifluorophosphate ILs, where the difference between the measured PMMA inherent viscosities was quite small (20-40 ml g À1 ).
The PMMA yields varied markedly (from 76 to 98%) with the specific ionic solvent used for polymer synthesis, although the conditions were always the same. However, the examination of the impact of ILs was rather polysemantic (Table 1) . Thus, for trifluoromethanesulfonate ILs, the increase in the length of the side alkyl chain in imidazolium solvents led to an increase in the PMMA yield (Table 1, entries 1-3) . At the same time, the order of CF 3 SO 3 -bearing ILs according to their influence on PMMA yield did not agree with the order established by considering their influence on the PMMA molecular weight (Scheme 3). The same sequence was found to be true for trifluoroacetatecontaining ILs (Table 1, entries 1, 2 and 11) . With the exception of 1-butyl-3-methyl imidazolium tris(pentafluoroethyl)trifluorophosphate, the FAP-based ionic solvents always allowed for the synthesis of PMMA in 85-88% yield independently of the cation used. Moreover, the enhanced stability of the FAP ionic solvents promoted the realization of MMA polymerization even in air at atmospheric pressure without a practical decrease in the polymer molecular weight (Table 1 , entries 6 and 12). The results (Table 1) show that, despite the average values of the molecular weights of PMMA obtained in tetracyanoborate ionic solvents, the PMMA yields in the mentioned ILs were always higher than in the others and varied in the range 95-98% (Table 1 , entries 1, 4 and 10) independently of the cations used.
For a more detailed investigation, gel permeation chromatography experiments were performed, and the molecular weight of PMMA was estimated for some experiments (Table 2 ). It should be emphasized here that the gel permeation chromatography measurements of PMMA were conducted in tetrahydrofuran and the molecular weights were determined from the calibration versus poly(styrene) standards. Therefore, values for M n and M w obtained for PMMA must be discussed with some reservation. The 1-butyl-3-methyl imidazolium cation was chosen as an example. The influence of the ILs was studied in comparison with the traditionally used salts containing PF 6 and BF 4 anions. The MMA polymerization performed in 1-butyl-3-methylimidazolium hexafluorophosphate and tetrafluoroborate resulted in polymer formation in 87 and 86% yield with Z inh ¼290 and 270 ml g À1 , respectively. Noticeably, [1-Me-3-Buim]BF 4 was the only ionic solvent in which MMA was poorly soluble and the polymerization was carried out with a MMA/IL¼1:3 ratio. As shown in Table 2 , 6 whether the polymerization was in solution or in precipitation was observed, the molecular weight distributions were found to be unimodal. However, on the application of trifluoroacetate and tetrafluoroborate ILs, the polydispersity indexes were rather high due to the PMMA precipitation (Table 2 , entries 2 and 5). In terms of the molecular weights of the polymers and their distributions, FAPcontaining ILs could serve as a good alternative for their structural analogs, namely, for PF 6 -bearing ionic solvents ( 4 and [1-Me-3-Buim]PF 6 using the same conditions as above. The results achieved in 'traditional' ILs, namely, PAN Z inh ¼250 ml g À1 with 29% polymer yield and Z inh ¼390 ml g À1 with 64% polymer yield in hexafluorophosphate and tetrafluoroborate salts, respectively, were worse than the results in the proposed ionic solvents (Table 1, entries 1 and 2) .
Based on several identical experiments, it was possible to conclude that the increase in the length of the alkyl side chain leads to the decrease of the PAN viscosity irrespective of the IL's anion (Table 1 , entries 1-3). Further investigation of the influence of the cation on the molecular weight of PAN resulted in the creation of two orders, one for ILs containing CF 3 SO 3 (Scheme 4) and another for ILs bearing FAP (Scheme 5). The PAN yield showed no clear dependence on the structure of the IL used. The polymer yields were typically 80-85% (Table 1) .
Finally, when comparing MMA and AN polymerization, no exact correlation between the polymer molecular weight and the viscosity of the starting ionic solvent was found, in contrast to previously published data. 3, 5, 21 For comparison, the bulk viscosities of some of the ILs investigated are presented in 3 .
Whether a particular monomer in a given solvent can be converted into a polymer depends on both thermodynamic and kinetic considerations. 68 As it is well known, 68 the free radical polymerization process is dependent on many factors, including (1) the solubility of the monomer and initiator in the given solvent, (2) the solubility of the resultant polymer in the mixture of monomer/solvent, (3) the rate of the main reactions (initiation, propagation) and (4) the rate of the termination reactions (combination (coupling) or disproportionation of radicals and the chain transfer). Thus, free radical polymerization, in particular with the use of ILs as reaction solvents, can be regarded as a complex multiple-factor process. To explain in detail the influence of ionic solvents on the polymer molecular weight and reaction rate, many additional experiments must be performed, including separate studies of the kinetics, solubility parameters and theoretical calculations. In contrast, the aim of this work was to compare the new families of ILs with those traditionally studied in terms of their utilization as solvents in MMA and AN radical polymerization. The total effect of the ILs is summarized in terms of the collation of yield and molecular weight of the polymers produced. Thus, based on these experiments, it is possible to conclude that, among the ILs tested, the imidazolium-based ILs generally produce polymers with higher molecular weights. Similar to reference Chesnokov et al., 27 no 'common' rule was found for the choice of the best IL for free radical polymerization and, on the contrary, each monomer requires the selection of a definite ionic solvent.
Composite films
Among the newly proposed ILs, it is necessary to indicate those bearing the tetracyanoborate anion [B (CN) 4 ], which is a structural analog of the well-known tetrafluoroborate anion. The replacement of all four fluorine atoms in the [BF 4 ] anion with cyano groups leads to significant changes in the properties of the respective ILs. 64 Ionic solvents with the tetracyanoborate anion are poorly soluble in water, less viscous and are more thermally and electrochemically stable than ILs with the tetrafluoroborate anion. 64 However, tetracyanoborate ILs possess ionic conductivity similar to that of their tetrafluoroborate 4 readily dissolved AN and formed semi-transparent composite films in combination with PAN, both the mechanical properties and the ionic conductivity of the film materials were investigated (Table 3) .
Three tetracyanoborate ILs with ammonium and imidazolium cations were selected for study. [N(C 4 H 9 ) 4 ]B(CN) 4 was chosen because the ammonium ILs are more electrochemically stable toward various metals, especially to lithium metal electrodes. 69 However, imidazolium salts seem to have much lower viscosities and melting points as well as higher ionic conductivities (http://www.merckchemicals.com/ionic-liquids/c_g1ib.s1Lhu4AAAEWqOEfVhTl). The film cast from PAN and tetrabutylammonium IL was found to be fragile and opaque (Figure 1b) , in contrast, films made from PAN and imidazolium tetracyanoborates were flexible, elastic and semi-transparent (Figures 1c and d) . This difference could be explained either by the poor compatibility of the components in the case of tetrabutylammonium tetracyanoborate or by the possible complexing between the polymer chain and IL molecules, as in stereospecific PMMA formation. 70 For further understanding, atomic force microscopy was utilized to study the surface of the composite films (Figure 2) . The morphology of the films filled with imidazolium ILs (Figures 2c  and d ) was significantly different from that of the film containing tetrabutylammonium tetracyanoborate (Figure 2b) . The latter had a 'needle' structure that was likely due to the poor compatibility of the polymer with the IL. In the case of imidazolium ILs (Figures 2c and  d) , PAN had a peculiar semi-swelled state, which could explain the elasticity and semi-transparency of the films obtained. The surface structure of such composite films (Figures 2c and d) is likely to be similar to the morphology of the films cast from pure PAN (Figure 2a) .
The ionic conductivity of composite films consisting of PAN and tetracyanoborate ILs was studied at 25 1C in a broad range of frequencies from 50 to 10 7 Hz (Figures 3 and 4 and Table 3 ). In general, the conductivity spectra of disordered systems show a plateau in s¢ (giving the s dc value, that is the conductivity in the dc limit, or the direct current conductivity), which is followed by conductivity dispersion. This part of spectrum is characterized by the hopping mechanism of the charge carriers. The critical point between the plateau and the subsequent conductivity extension gives the value of the attempt rate o e for the charge carriers to overcome the highest energy level. This parameter is usually assumed to give an estimate of the hopping rate of the ions and is known to be related to the dc conductivity (o e Bs dc ). Thus, the higher is the value of the dc conductivity, the higher are the frequencies where the plateau is observed. In addition to that behavior, a conductivity decrease is often observed at low frequencies, which is attributed to the electrode polarization effects. The molecular origin of such effects is the full or partial blocking of charge carriers at the sample-electrode interface. This leads to a separation of the positive and negative charges, which gives rise to an additional polarization. The characteristic time constant of this process is proportional to the sample thickness and inversely proportional to the dc conductivity. Thus, the effect is shifting to the higher frequency area with the increase of the dc conductivity. In non-ideal systems at frequencies higher than the plateau region, the increase in the conductivity reflects the polarization processes, which are clearly shown in Figure 3 , curves 1 and 2. As shown in Figure 3 (curves 3 and 4) and Figure 4 (curves 1-4), the curves s¢(o) turn down to low conductivity values at frequencies below the plateau, which can be explained by the accumulation of ions on the electrode surface, that is, by the so-called electrode effects.
Comparative analysis showed that composite films filled with imidazolium tetracyanoborates possessed better conductivity than films with tetraalkyammonium tetracyanoborate (Figure 3, curves 2,  3 and 4) . The s¢(o) dependence for the composite film with tetraalkylammonium tetracyanoborate was very similar to that of pure PAN, which is known to be a good dielectric material ( Figure 3, curves  2 and 1, respectively) . This phenomenon can be explained by the possible complexing between the PAN and the IL described above, which leads to the decreased dissociation of the latter. Thus, the ion mobility is limited and as a result the conductivity increases insignificantly in comparison with pure PAN.
The ionic conductivity of the film containing 50 wt% of 1-ethyl-3-methylimidazolium tetracyanoborate was higher than that of the film filled with 50 wt% of 1-hexyl-3-methylimidazolium tetracyanoborate (1.1Â10 À5 versus 3.7Â10 À4 S cm À1 at 25 1C; see Table 3 ). Obviously, this increase depends on the difference in the mobility of the cations investigated and, as a consequence, on the difference in the ionic conductivity of the respective ILs.
To increase the ionic conductivity of the composite materials, films containing 60 and 70 wt% of [1-Me-3-Etim]B(CN) 4 were also prepared ( Figure 4 ). Figure 4 (curves 2-4) shows that increase in IL content led to an increase in the ionic conductivity of the composite polymer material. Thus, s dc increased from 3.7Â10 À4 S cm À1 at 25 1C for the film with 50 wt% of IL to 1.1Â10 À2 S cm À1 for the composite material containing 70 wt% of 1-ethyl-3-methylimidazolium tetracyanoborate. Further increase in the amount of IL added gave sticky films with a complete loss of mechanical stability.
To determine the influence of ILs on the mechanical properties of composite materials, tensile strength testing was carried out on films containing ILs and on a film prepared from pure PAN (see Table 3 ). In the case of films filled with ILs, a reduction in the tensile strength and in the elastic modulus was observed in comparison to the pure PAN film. The increase in the amount of IL added led to the subsequent decrease in the solidity of the composite films; that is, to the softening and lubrication of the films. Such a reduction of the mechanical stability can be explained by the plasticization of the polymer matrix with the IL. [71] [72] [73] The 'direct' casting of the films was performed because of a particular interest in industrial applications. However, additional experiments were then performed. The same films with different amounts of tetracyanoborate ILs were cast using reprecipitated high-molecular weight PAN. The test results were found to be very similar to those obtained via 'direct' casting in Table 3 . The possible explanation can be found in Table 1 (see for example, entries 1, 4 and 10). The isolated polymer yields in all ionic solvents containing B(CN) 4 were in the range of 79-87%, which means a high level of the monomer conversion. The invariability of the results supports the statement that, during the 'direct' casting, there were essentially no low-molecular weight oligomers, which could affect either the mechanical properties or the conductivity of the prepared films. The absence of the monomer residue was guaranteed by thorough drying of the films under a high vacuum.
CONCLUSIONS
Various ILs with four anions, namely, trifluoromethanesulfonate, trifluoroacetate, tris(pentafluoroethyl)trifluorophosphate and tetracyanoborate, were suggested for the substitution of the hydrolytically unstable hexafluorophosphate and tetrafluoroborate salts in the free radical polymerization of unsaturated monomers. The influence of the nature of the ILs on the radical polymerization of MMA and AN was studied. High-molecular weight PMMA and PAN were prepared in IL media. Generally, trifluoromethanesulfonate and trifluoroacetate ILs provided the best conditions for the synthesis of PMMA and PAN, respectively. Nevertheless, FAP-based ionic solvents promoted the formation of high-molecular weight PMMA, even when the polymerization proceeded under atmospheric pressure and the presence of oxygen. The PMMA polydispersity indexes were found to be in the range of 1.6-3.5, depending on the phase state (homogeneous or heterogeneous) of the polymerization process. No direct dependence between the viscosity of the IL used and the obtained polymer molecular weight was observed. It was demonstrated that the compatibility of the polymer with an IL is important for the formation of composite films with high ionic conductivity and good mechanical properties. The composite films prepared from PAN and tetracyanoborate ILs possessed s dc up to 1.0Â10 À2 S cm À1 at 25 1C and are of interest for potential applications as polyelectrolytes for different types of batteries.
